BACKGROUND: Although many low-penetrant genetic risk factors for breast cancer have been discovered, knowledge about the effect of multiple risk alleles is limited, especially in women o50 years. We therefore investigated the association between multiple risk alleles and breast cancer risk as well as individual effects according to age-approximated pre-and post-menopausal status. METHODS: Ten previously described breast cancer-associated single-nucleotide polymorphisms (SNPs) were analysed in a joint European biobank-based study comprising 3584 breast cancer cases and 5063 cancer-free controls. Genotyping was performed using MALDI-TOF mass spectrometry, and odds ratios were estimated using logistic regression. RESULTS: Significant associations with breast cancer were confirmed for 7 of the 10 SNPs. Analysis of the joint effect of the original 10 as well as the statistically significant 7 SNPs (rs2981582, rs3803662, rs889312, rs13387042, rs13281615, rs3817198 and rs981782) found a highly significant trend for increasing breast cancer risk with increasing number of risk alleles (P-trend 5.6 Â 10
In addition to the highly penetrant (BRCA1, BRCA2 and TP53) and moderately penetrant (CHEK2, ATM, BRIP1 and PALB2) genetic variants conferring increased risk for breast cancer, low-penetrant risk has been linked with common genetic variants (e.g., FGFR2, TOX3, MAP3K1 and LSP1) by genome-wide association studies (GWASs) (Easton et al, 2007; Stacey et al, 2007; Turnbull and Rahman, 2008; Ghoussaini and Pharoah, 2009) .
Early GWASs on breast cancer reported findings of several new breast cancer susceptibility loci (Easton et al, 2007; Hunter et al, 2007) . Subsequent studies rapidly confirmed these results and added new potential risk alleles (Gold et al, 2008; Ahmed et al, 2009; Zheng et al, 2009; Hemminki et al, 2010; Long et al, 2010; Turnbull et al, 2010) . Low-risk alleles in at least 25 different loci (435 single-nucleotide polymorphisms (SNPs)) have now been identified through GWASs (Hindorff et al, 2011) . Together, they are thought to represent roughly 8% of the familial breast cancer cases, a proportion that might increase somewhat when the true causal variants are identified Turnbull et al, 2010) . The polygenic model of inheritance, in which each variant contributes a small risk in many individuals, is often invoked to account for a substantial amount of the population attributable risk (PAR) (Dragani et al, 1996; Fletcher and Houlston, 2010) .
The six common susceptibility loci reported in 2007 by Easton et al (2007) , Hunter et al (2007) and Stacey et al (2007) have been verified in other studies (Gorodnova et al, 2010; Hemminki et al, 2010; Turnbull et al, 2010; Fletcher et al, 2011) . The present large study, based on five well-defined study populations from Northern Europe, first aimed to investigate the significance of eight SNPs from these loci, three additional SNPs with Po0.05 in phase 3 of Easton et al (2007) , and a variant in CASP8 discovered by the candidate gene approach , with special reference to age-approximated menopausal status. Furthermore, we wished to address the potential polygenic inheritance of genetic risk factors and breast cancer, that is, the association between an increasing number of risk alleles and breast cancer risk. Two studies of this issue (Reeves et al, 2010; Wacholder et al, 2010) have reported that multiple low-risk alleles do indeed increase breast cancer risk; however, neither of them included women o50 years of age. We therefore set out to perform a large investigation of the polygenic inheritance of breast cancer in women of a wide age span.
MATERIALS AND METHODS

Study populations
The study was performed within the European network of excellence Cancer Control using Population-based Registries and Biobanks (CCPRB). A total of 9395 samples (3882 cases and 5513 controls) were selected for genotyping (Table 1) . The study was approved by an ethical institutional review board in each participating country and the following study populations were included.
MDCS The Malmö Diet and Cancer Study (MDCS) is a prospective cohort study initiated in 1991. It comprises a total of 17 035 female residents of Malmö Sweden recruited between 1991 and 1996 (Berglund et al, 1993; Manjer et al, 2001) . By linkage to the national cancer registry until 31 December 2007, 730 incident cases of invasive breast cancer were identified among MDCS participants and subsequently matched to 1460 controls from the same cohort according to sex, age (±6 months) and date of sampling at baseline (±2 months). Median age at breast cancer diagnosis was 65 years (range 45 -84). In all, 33 cases and 65 controls were p50 years of age at the time of diagnosis.
MPP The Malmö Preventive Project (MPP) is a preventive casefinding programme started in 1974 (Berglund et al, 2000) . Between 1977 and 1992, 10 902 women were recruited and more than 40% attended a re-examination (started in 2002) that included storing samples for DNA analysis (Nilsson et al, 2006; Pukkala et al, 2007) . Among those women distinct from participants in MDCS and for whom DNA samples were available, 215 prospective invasive breast cancer cases (median age 61 years, range 32 -79, 25 age p50 years) were identified by cancer registry linkage up until 31 December 2007 and subsequently matched to 430 controls (50 age p50 years). Matching criteria were: sex, age (±6 months) and date of sampling at baseline (±2 months). Together with the MDCS they comprise the Southern Swedish cohort.
The MDCS/MPP and the present analyses were approved by the Ethical Committee at Lund University (LU 51-90, Dnr 2009/652 and Dnr 2009/682) ; when donating blood, participants also signed a general consent form allowing research on their samples.
NSHDS The North Sweden Health and Disease Study (NSHDS) include the Västerbotten Intervention Programme (VIP) and the Mammography Screening Programme (MSP), initiated in 1985 and 1995, respectively. Participants in the VIP are screened at 40, 50 and 60 years of age and mammography screening and blood sampling is performed among women between 50 and 69 years of age (Pukkala et al, 2007) . Through linkage with the cancer registry up to 31 December 2008, 1680 prospective cases of invasive breast cancer (median age 56 years, range 27 -95) were identified and subsequently matched to 2369 controls by sex, age ( ± 6 months) and date of sampling at baseline ( ± 2 months; 474 cases and 606 controls p50 years of age. The NSHDS and the present analyses were approved by the Ethical Committee at Umeå University (Dnr 2010-147-132 and 07-141) ; when donating blood, participants also signed a general consent form allowing research on their samples. 
ICELAND
SNP selection
All GWAS-identified loci associated with breast cancer and published before 31 June 2007 were initially included in the study (Easton et al, 2007; Hunter et al, 2007; Stacey et al, 2007) . Individual SNPs were selected from the publications by Easton et al (2007) and Stacey et al (2007) . This primary selection included 11 GWAS-identified SNPs. Three of these (rs3803663, rs12443621 and rs8051542), all situated in TOX3, have been shown to exhibit linkage (Easton et al, 2007; Reeves et al, 2007) , and rs12443621 and rs80515442 were consequently excluded from further analysis. One SNP in CASP8 identified using the candidate gene approach was also included . The final selection therefore consisted of 10 SNPs (Table 2) .
Assay design and genotyping
The SEQUENOM MassARRAY Designer software (San Diego, CA, USA) included eight of the above SNPs in a single multiplex assay. The SNP analyses were performed on a MALDI-TOF mass spectrometer (SEQUENOM MassArray) using standard iPLEX reagents and protocol (SEQUENOM) and 10 ng DNA as PCR template. Primer sets were from Metabion (Martinsried, Germany).
The SNPs rs2981582 and rs1045485 were analysed by a separate TaqMan 'assay by design' genotyping assay on a 7900HT instrument, using Master Mix No UNG from Applied Biosystems (Foster City, CA, USA) according to the manufacturer's instructions. Reaction mixtures (6 ml) containing 2 ng of DNA template and primers (rs2981582 forward primer 5 0 -CAGCACTCATCGC CACTTAATG-3 0 , reverse primer 5 0 -GACACCACTCGGACTGCT-3 0 , and probes 5 0 -VIC-TCTCCGCAAACAGG-MGB-3 0 and 5
0 , and probes 5 0 -VIC-CCCCACGATGACT G-MGB-3 0 and 5 0 -FAM-CCCCACCATGACTG-MGB-3 0 ) were subjected to 2 min at 50 1C and 10 min at 95 1C, followed by 50 PCR cycles of 95 1C for 15 s and 60 1C for 1 min.
Quality control
Approximately 3% of samples from the NSHDS, 5% of the samples from Iceland and 8% of the Polish cases (total N ¼ 270) were included as blinded duplicates to assess the quality of the genotyping assay.
Statistical analysis
Individual samples producing results in o80% of the assays were excluded before statistical analyses in order to eliminate samples with poor-quality DNA and in concordance with Easton et al (2007) . Genotype data from control samples were tested for consistency with Hardy -Weinberg equilibrium (HWE) using a w 2 P-value cutoff of 0.001. Unconditional logistic regression models were used to measure the association between genotype for each SNP and the risk for breast cancer, using homozygotes for the common allele as reference, with adjustments for age and cohort. The material was stratified for age, p50 vs 450 years, as a proxy for menopausal status. Furthermore, the analyses were repeated separately in each cohort. Per allele odds ratio (OR) and P-trend was calculated using 0, 1 or 2 copies of the minor allele as a continuous variable. The OR of o1.0 indicates that the major allele is the risk allele. To examine heterogeneity between the age groups, adjusted case -case models using unconditional logistic regression analysis were used and P-values of o0.05 were considered statistically significant. The P-value for heterogeneity (P het ) of OR between cohorts was calculated using the Breslow -Day test.
For each participant the total number of risk alleles was calculated, and logistic regression was used to estimate OR and P-trend for each numerical group of risk alleles. The same calculation was also performed using only the seven SNPs exhibiting significance. The maximum number of risk alleles was 20 and 14, respectively, that is, 2 for each SNP. Breast cancer risk for individuals with up to X11/8 risk alleles was compared with the group with p6/3 risk alleles. The median number of risk alleles among both cases and control population was 8 (model including all 10 SNPs) and 5 (model including 7 SNPs), and in order to estimate the risk increase/decrease in individuals with the highest and lowest numbers of risk alleles, 8/5 risk alleles was also set as a reference. The women were also stratified according to age (p50 vs 450 years) to assess potential differences in penetrance between age groups with increasing numbers of risk alleles.
To compare estimated risks in the present study with previous reports, OR and P-values for trends reported in original reports are presented together with the results of the present analyses.
RESULTS
Of the initial 9395 samples selected for the project, 8647 (92.0%) were successfully retrieved and genotyped for X80% of the SNPs. All SNPs had genotyping success rates of 490%, with an average of 97.8%. Results of all 3240 analyses performed on the 270 duplicate samples were in 100% concordance. All SNPs but one (rs4666451) passed the HWE cutoff (Po0.001).
Associations between seven of the reported SNPs and breast cancer were replicated in our material, with age-adjusted ORs for these SNPs in close proximity to ORs previously described Easton et al, 2007; Stacey et al, 2007) . The P-trend value for four of the SNPs (rs2981582, rs3803662, rs889312 and, rs13281615) was o0.001 and for the remaining three SNPs (rs13387042, rs3817198 and rs981782) was o0.01 (Table 2) .
One of the SNPs (rs30099) exhibited an age-adjusted OR near to what was originally reported (Easton et al, 2007) , but it did not pass the significance threshold of 0.05 (Table 2) .
Associations of the two remaining SNPs with breast cancer were not replicated. The SNP rs1045485 (CASP8) did not reach significance, although the point estimate of the per-allele OR among women 450 years (0.92, 95% CI: 0.82 -1.02) approaches that initially described by Cox et al (2007) (0.88, 95% CI: 0.84 -0.92). Minor allele frequency (MAF) in our material was 0.24. The final SNP (rs4666451) had 5.8% missing values, failed the HWE cutoff (Po0.001) and had an OR that deviated from that reported (MAF was 0.35).
Stratification analysis
Stratification of participants into age groups p50 vs 450 years to approximate menopausal discrimination revealed different association in young vs older women for one of the SNPs (rs981782), whose protective effect was more pronounced in younger (per allele OR 0.82, 95% CI: 0.73 -0.93) than in older women (homozygous OR 0.94, 95% CI: 0.87 -1.01; Table 3 ). The difference was statistically significant with a P-value of 7.9 Â 10 À4 . Stratification of results according to study population (Figure 1 ) revealed similar effects for most SNPs, although rs13387042 was most strongly associated with risk in the Icelandic samples (P het ¼ 0.02). The original data set was also adjusted for study population but no difference in results was seen compared with the age-adjusted or unadjusted analysis (results not shown).
Finally, both cases and controls were classified according to the individual burden of risk alleles including both all 10 original SNPs and the SNPs statistically significantly associated with risk within this study (rs2981582, rs3803662, rs889312, rs13387042, rs13281615, rs3817198 and rs981782) . A successive increase in point estimate from an OR of 1 for the group with the minimum number of risk alleles (p6/3 alleles) to an OR of 1.84 (95% CI 1.59 -2.14; 10 SNP analysis) and 2.12 (95% CI: 1.80 -2.50; 7 SNP analysis) for the group carrying the maximum number of risk alleles (X11/8 risk alleles) was detected (overall P for trend: 5.6 Â 10 À20 and 1.5 Â 10 25 , respectively; Table 3a and b). When the mean number of risk alleles in the population was used as the reference (in the model including the significant seven SNPs), the maximum risk increase was 1.42 (95% CI: 1.22 -1.66) for X3 risk alleles above mean and a maximum protection of 0.67 (0.58 -0.78) for women with X2 risk alleles below mean. Results from the 10 SNP analyses were highly similar (Table 3a) . The overall frequency distribution of odds ratios in the 10 SNP model is shown in Figure 2 . We found no significant difference between age groups when the women were stratified according to age (p50 vs 450 years; results not shown).
DISCUSSION
Our study replicated the breast cancer association of 7 out of 10 previously described low risk alleles Easton et al, 2007; Stacey et al, 2007) , with nearly identical point estimates as the original studies. By comparing the total number of risk alleles in cases and controls, a highly significant increasing risk for breast cancer with an increasing number of risk alleles was seen. Calculations were primarily based on the original set of 10 SNPs and the observed association is compatible with a polygenic contribution to breast cancer in the absence of highly penetrant cancer genes (Dragani et al, 1996; Turnbull and Rahman, 2008; Ghoussaini and Pharoah, 2009) . We also performed risk-score calculations using only the seven SNPs that originally reached significance in our study and the results were an even stronger risk trend, indicating that it might be useful to construct selective SNP panels for different populations. In this discussion, ORs are compared with the group with lowest number of risk alleles as the study population is enriched for breast cancer compared with a total background population.
The intergenic SNP rs981782 in HCN1 on 5p12, a region previously yielding significant SNPs for breast and other cancers , was one of the three SNPs we studied that had secondary significance in the study of Easton et al (2007) . We found that the protective effect of the minor allele was notably more pronounced in premenopausal breast cancer (women p50 years), despite the fact that this group included only 2232 individuals compared with 6398 individuals in the age group of 450 years. The P-value (7.9 Â 10 À4 ) for heterogeneity between age groups was highly significant. Previous reports did not find this difference, which could be because of differences in age stratification and/or inclusion (Easton et al, 2007; Reeves et al, 2010; Wacholder et al, 2010) . In a fine mapping of the region, Stacey et al (2008) identified two SNPs in the same region (rs4415084 and rs10941679) as possible causal variants behind this association, and linked these SNPs to higher risk of ER-receptorpositive breast cancer.
SNP rs13387042 on 2q35, originally reported by Stacey et al (2007) , was identified in a screening panel containing 1600 Icelandic women and verified in a large panel of 4554 cases and 17 577 controls containing Icelandic as well as non-Icelandic women. Our results for the Swedish and Polish cohorts differed from the Icelandic population (P het ¼ 0.02), whose carriers of the rs13387042 A allele demonstrate an increased risk. The 2q35 locus has also been verified in other non-Icelandic populations (Milne et al, 2009) , indicating that this SNP is generally associated with breast cancer. Nevertheless, the significantly higher risk that we found in Iceland is noteworthy.
For SNP rs1045485 in CASP8, originally discovered by Cox et al (2007) through candidate gene analysis, we found a similar point estimate as in the original study for women 450 years of age, although the association with breast cancer did not achieve significance in our cohorts. A recent meta-analysis (Sergentanis and Economopoulos, 2009 ) concluded that CASP8 rs1045485 does reduce the risk of breast cancer in minor allele carriers, at least in Caucasian populations.
Our study includes cases and controls from five different study populations in three different countries, representing different northern European inhabitants. Each cohort has its own strengths and weaknesses. The Swedish NHSDS and MDCS cohorts have matched controls to cases in the same prospective populationbased study, age and duration of follow-up. Enrolment in the MDCS has shown a slight selection towards higher socioeconomic status than the general population, but this selection is the same for cases and controls (Manjer et al, 2001) . The MDCS participants were recruited at age 44 -65 years. The exclusion of prevalent cases removes early breast cancer cases from this population. Although the NHSDS participants were primarily included from age 40 and upwards, the mammography subcohort included some case as young as 27 years. In Iceland, prevalent cases of breast cancer were recruited at varying times after diagnosis, resulting in an exclusion of early lethal cases and older women with other causes of death. A similar bias is present in the MPP cohort despite prospective population-based design, as DNA samples were acquired from only B40% of cases and matched controls participating in a follow-up visit. It is therefore possible that these two study populations are biased towards breast cancer cases with more favourable outcome. The Polish cases are recruited from families with multiple breast cancer cases, or because of early onset of breast cancer, something that seems to strengthen the association between rs981782 and breast cancer in women p50 years that is especially prominent in this cohort (Figure 1) .
Methodological strengths include the exclusion of samples with o80% successful genotypes and by 100% concordant genotypes in 270 duplicate samples. Although the use of Po0.05 as significance limit is appropriate for a replication study verifying reported associations, the occurrence of false negative findings cannot be excluded. Lack of significance, in particular of the CASP8 (rs1045485) association, might be attributable to insufficient statistical power.
The FGFR2 and TOX3 SNPs have consistently been verified in published reports (Huijts et al, 2007; Gorodnova et al, 2010; Hemminki et al, 2010; Turnbull et al, 2010) , whereas replication of the other low-penetrant SNPs has been less constant. At least two previous studies (Reeves et al, 2010; Wacholder et al, 2010) have analysed the association between the number of risk alleles and overall breast cancer risk. Wacholder et al (2010) analysed almost 6000 women with breast cancer aged 50 -79 years. They had highly similar results to ours, but pointed out the fact that addition of a risk score obtained from adding genotypes from 10 low-penetrant SNPs contributed little to breast cancer risk prediction over and above the established clinical risk prediction models that include age at first childbirth, Gail score and the number of first-degree relatives with breast cancer.
In the present study we used a simple addition of the number of risk alleles, but still obtained almost exactly the same result as the study of Reeves et al (2010) , although these authors took into account the magnitudes of the individual SNP effects. Thus, the additive approach appears to be sufficient for risk score calculation.
Our findings, including total risk score, are well in line with previous studies. A novel finding for this study was the fact that the protective effect of the HCN1 SNP rs981782 was significantly stronger in women p50 years of age. Odds ratios presented both here and in the other two studies consistently show that total risk scores based on low-penetrant SNPs adds only very modest improvement to risk prediction models based on medical data, and are therefore not likely to have an immediate clinical use. However, we can show that simple calculation of the number of risk alleles gives highly reproducible risk scores between studies and could be useful in further studies of the genetic predisposition to breast cancer. Figure 2 The distribution of risk alleles from the 10 SNPs amongst all women analysed in our study populations (n ¼ 8647), as well as the OR associated with having a certain number of risk alleles compared with the median number (8). Odds ratios are depicted by filled circles and 95% confidence intervals by black lines.
